The knowledge of internal moisture profiles which develop during drying is essential for model validation purposes, but they are difficult to determine experimentally. This paper shows that X-ray microtomography, together with image analysis, provides an accurate, non destructive and easy to use technique to determine moisture profiles. Results reported concern the drying of wastewater sludges whose management is becoming a real environmental challenge. An analysis of the development of moisture gradients at the sample external wall shows an influence of drying operating conditions. Finally, mass diffusion coefficients are estimated from the knowledge of both the moisture gradients and the drying flux.
coefficient.
Drying is a highly energy consuming thermal treatment representing 10-15 % of the world industrial energy consumption (Kerkhof and Coumans, 2002) . Actually, this operation also strongly affects the final quality and the textural properties of the dried material. The optimal control of a drying process is thus critical and needs a good understanding of the material drying behaviour.
Comparison of actual and predicted moisture profiles which develop during drying gives a measure of kinetic models validity. However, the difficulty to obtain experimental measurements has limited the ability of drying models validation (Waananen et al., 1993) . Up to now, moisture profiles have been mainly determined either by a destructive technique such as slicing (Couturier et al., 2000) or by a sophisticated non destructive method such as nuclear magnetic resonance (Ruan et al., 1991; Frias et al., 2002) . To our knowledge this is the first time X-ray microtomography is used to measure moisture profiles during drying. In addition to its non destructive character, X-ray microtomography is a fast and easy to use technique. Most of the image analysis treatment can be easily automated once the data processing has been elaborated.
Results reported concern wastewater sludges. Sludge management and disposal is becoming a big challenge. It is now well established that a thermal drying operation, after dewatering, is an essential step before incineration or landspreading which constitute the two most relevant issues in the future, explaining the growing number of papers dedicated to sludge drying (Kazakura and Hasatani, 1996; Ferrasse et al., 2002; Vaxelaire and Puiggali, 2002; Léonard, 2003) .
Materials and methods
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Sample preparation
Sludge samples (3-4 % dry matter.) are collected in a domestic wastewater treatment plant, after secondary settling and thickening. Sludge samples are flocculated in a bench scale jar-test by adding 0.006 kg/kg dry matter of a cationic polyelectrolyte (Zetag 7587 from Ciba). Dewatering is realized in a normalized filtration-expression cell (AFNOR, 1979) under a differential pressure of 304 kPa. The cake recovered after filtration (15 ± 2 % dry matter.) is extruded through a circular die of 12 mm diameter, producing cylindrical extrudates similar to those used in several industrial belt dryers. Extrudates are cut at a length of 15 mm, yielding samples with volume and mass of approximately 1.7 cm 3 and 2 g, respectively.
Microdrying set-up
Convective drying experiments are carried out in a so-called 'micro-drier' specially designed for handling small extruded samples with a mass between 0.5 and 5 g. The micro-drier is composed of two parts : the air conditioning system and the drying chamber. Air is fed from a laboratory compressed air network. Its flowrate is controlled by a pneumatic valve connected to a mass flowmeter. Air can be humidified by means of a steam generator, heated up to the required temperature by passing through a heating channel and then directed to the drying chamber. Air humidity, temperature and flowrate are continuously monitored and controlled. The sludge sample lies on a supporting grid linked underneath to a precision-weighing device. The sample surrounding is such that drying proceeds on the entire external sample surface. The weighing device is connected to a computer which allows the acquisition of mass versus time.
X-ray microtomograph
X-ray tomography is a non-invasive technique allowing the visualization of the internal texture of a material. During tomographic investigation, an X ray beam is sent on the sample and the transmitted beam is recorded on a detector. According to Beer-Lambert law, the transmitted intensity is related to the integral of the X-ray attenuation coefficient µ along the path of the beam.
This coefficient µ depends on the density ρ and the atomic number Z of the material, and on the energy of the incident beam E according to Equation (1) in which a is a quantity with a relatively small energy dependence, and b is a constant (Vinegar and Wellington, 1987) . Projections (assembling of transmitted beams) are recorded for several angular positions by rotating the sample between 0 and 180°C. Then a back-projection algorithm is used to reconstruct 2D or 3D images, depending on the method used. In the case of 2D images, each pixel has a grey level value corresponding to the local attenuation coefficient.
The X-ray microtomographic device used in this study is a "Skyscan-1074 X-ray scanner"
(Skyscan, Belgium). Advanced technical details about its conception and operation are described by Sasov and Van Dyck (1998) . The X-ray source operates at 40 kV and 1 mA. The detector is a 2D, 768×576 pixels, 8-bit X-ray camera with a spatial resolution of 41 µm. The following sequence is repeated several times during a drying experiment: drying interruption -tomographic analysisdrying resumption. Once the sample is placed in the microtomograph, a zone covering approximately a height of 1 cm is selected for tomographic investigation. The rotation step is fixed at 3.6 degree in order to reduce acquisition time down to 2 minutes. This is necessary to avoid relaxation of moisture profiles and further drying of the sample. A previous work has shown that repeated interruptions of the drying experiment have no significant effect on drying kinetics (Léonard et al., 2001) . A classical back projection algorithm is used to reconstruct 2D images of the cross-sections. Two different methods were tested to correct beam hardening artefacts: an image post-processing method developed by the authors, and a pre-processing method available in a commercial reconstruction software (Wts.exe, Skyscan). The correction quality was evaluated by 5 comparing corrected grey level profiles at the beginning (completely wet) and at the end (completely dry) of a drying run, i.e., when these profiles should be flat. As differences between both correction methods appeared to be not significant, the second option was adopted because it was more convenient to use on a routine basis.
Image analysis
An original image analysis processing has been developed in order to perform a grey level analysis and the centre of sample illustrate the shrinkage observed during drying. As drying proceeds, the mean grey level of the cross-sections increases, indicating an increase of the mean X-ray attenuation coefficient of the investigated material. This reflects that the dry matter of the sludge is more absorbent than water.
At the pixel level, it is not possible to discriminate between water or part of the solid skeleton. We consider that each pixel has a grey level value corresponding to an average between dry solid and pure water contributions (Equation (3)). After rearrangement we obtain Equation (4) Figure 3 shows the calibration curve obtained by plotting, for each drying interruption, the mean water content (on a wet basis) of the whole sample versus the mean grey level (cracks excepted) of the 2D reconstructed images. All these points correspond to 27 drying experiments according to a complete 3 3 factorial design described in Table 1 . As expected, a linear relation has been found, indicating the good reliability of the tomographic measurements. Nevertheless, the accuracy of the results is clearly better at high water content, before the development of large cracks, i.e., at water content larger than 30 %. At lower water content, experimental data are more scattered mainly because of the sample heterogeneity at the end of drying. The calibration curve gives also some indications on the reproducibility on the method. Indeed, before drying the 27 samples have approx.
the same water content, i.e. 85%, for a same corresponding grey level close to 35. Figure 4 shows the moisture profiles calculated from the grey level profiles of Figure 2 , using the calibration curve represented on Figure 3 . At the beginning of drying, i.e. at high water content, the local moisture content remains uniformly distributed throughout the sample indicating high mass transfer inside the sludge sample. As drying proceeds, some gradients appear at the wall resulting from internal mass transfer limitations. Moisture gradients at the external sample wall are determined by fitting and derivating a quadratic curve on the 5-6 points situated closest the wall ( Figure 5 ). Figure 6 shows the evolution of wall moisture gradients during the course of drying for two sets of operating conditions differing only by the absolute humidity of air. A normalized water content W/W 0 is used as abscissa in order to account for small differences between initial water contents (W 0 ) of each sample. It can be observed that the development of the moisture gradient is delayed when increasing air humidity. The same behaviour is observed when decreasing air superficial velocities are employed (Figure 7) , at a higher temperature. These observations may be related to the effect of velocity and humidity on the mass transfer Biot number. Increasing humidities and decreasing velocities lower the Biot number what corresponds to a reduction of internal transfer limitations versus external transfer limitations (Liu et al., 1997) .
Results
Diffusion coefficient determination
Diffusion coefficients are estimated from moisture gradients and mass flux (Equation (5)) at the external wall. The mass flux is determined from drying rate and shrinkage curves. Measurement of shrinkage is performed by X-ray microtomography as explained elsewhere (Léonard et al., 2002) .
In this equation a moisture mass concentration C is needed, instead of moisture percentage as used in Figure 4 . The transformation of one to another type of unit is easily achieved as the volume and the mass of the sample are known throughout the drying process. The diffusion coefficient obtained ranges from 10 -11 to 7 10 -10 m²/s, which agrees fairly well with data reported in the literature for sludges and some other materials (see Table 2 ). This is an indication of the good accuracy of the method, which should be confirmed by comparison with value obtained through simulation models of the drying kinetics. Figure 8 shows the evolution of the diffusion coefficient versus sample water content. All these data correspond to the 27 experiments described in Table 1 . As commonly observed, the diffusion coefficient decreases with water content, inducing increasing internal transfer limitations during the course of the drying process. No effect of the temperature has been detected. Different laws (power law, exponential, polynomial,…) are used in the literature in order to model the dependence of the diffusion coefficient versus the water content (Mujumdar, 1995) . In our case, an exponential law (Equation (6)) has been chosen. Table 3 gives the results obtained after linear fitting of Equation (6) in its logarithmic form.
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Conclusions
X-ray microtomography, associated to image analysis, is a fast and easy to use non destructive technique. X-ray microtomography is a useful tool to measure moistures profiles which develop during convective drying of wastewater sludge. Most of the image analysis treatment can be easily automated once the data processing has been elaborated. An analysis of the moisture gradients development under different operating conditions confirms gradients are smoother and appear later if air humidity increases or if air temperature decreases. From the knowledge of moisture gradients and mass drying flux, the diffusion coefficients are estimated at different sample water contents.
9
Values obtained are in agreement with those mentioned in the literature. The dependence of the diffusion coefficient with water content can be modeled by an exponential law. All these information provided by X-ray microtomography are of crucial need in the field of drying modeling and drying optimization. In the continuation of this work, a study is currently carried out in order to investigate relations between moisture gradients and the evolution of the sludge texture (shrinkage, crack development) during drying. Furthermore, we are working on the development of a fully coupled thermo-hydro-mechanical model which will allow the comparison between predicted and measured internal moisture profiles. 0.25 (Frias et al., 2002) 
